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Summary 
Analysis of interspecies matings between S. typhimu- 
rium and E. coli indicates that the genetic barrier that 
separates these (and perhaps many other) related spe- 
cies is primarily recombinational. The structural com- 
ponent of this barrier is genomic sequence diver- 
gence. The mismatch repair enzymes act as potent 
inhibitors of interspecies recombination, whereas the 
SOS system acts as an inducible positive regulator. 
Interspecies mating triggers a RecBC-dependent SOS 
response in female bacteria that increases recombina- 
tion mainly through overproduction of the RecA pro- 
tein. Mismatch repair acts to reduce the mutation rate 
and recombination between similar sequences, whereas 
SOS acts to increase both. These opposing activities 
allow mismatch repair and SOS systems to determine 
both the rate of accumulation of sequence divergence 
and the extent of genetic isolation, which are the key 
components of the speciation process. 
Introduction 
Species are groups of interbreeding natural populations 
that are reproductively isolated from other such groups 
(Mayr, 1982). Whether or not organisms reproduce sexu- 
ally, the process of speciation can start only when gene 
flow between two or more population~ is interrupted. Thus, 
enquiring about the genetic mechanisms of speciation 
amounts to asking how populations become genetically 
isolated. Bacteria reproduce vegetatively and produce re- 
combinant genotypes facultatively via gene transfer by 
conjugation, transformation, and transduction (Porter, 
1988). The existence of genetic barriers that prevent all 
mechanisms of interspecies genetic exchange in bacteria 
suggests that the definition of reproductive isolation for 
eukaryotic species can be extended to bacteria (Maynard- 
Smith et al., 1991). 
An excellent model system for genetic and molecular 
studies of genetic barriers between closely related bacte- 
rial species is provided by Salmonella typhimurium and 
Escherichia coli. These two bacterial species have di- 
verged mostly through the accumulation of neutral muta- 
tions, such that the two genomes are about 16% diverged, 
but the encoded proteins are highly conserved (Sharp and 
Li, 1987; Sharp, 1991). DNA sequence analysis indicates 
that there has been little transfer of chromosomal genes 
between these two species (Sharp and Li, 1987; Maynard- 
Smith et al., 1991; Sharp, 1991). Experimental data con- 
firm that genetic exchange between E. coli and S. typhimu- 
rium is very low, on the order of 105 times lower than 
intraspecies recombination (Baron et al., 1968; Rayssigu- 
ier et al., 1989). Even such rare events may be important 
for the evolution of species, because they allow rapid ad- 
aptation to environmental challenges. The majority of re- 
ported cases of horizontal gene transfer in E. coil and 
S. typhimurium are genes whose acquisition presents an 
immediate adaptive advantage (such as genes encoding 
cell surface proteins) (Verma and Reeves, 1989; Smith et 
al., 1990; Marklund et al., 1992). The evolution of E. coil 
was certainly affected by gene acquisition from other spe- 
cies, as suggested by the biological roles of genes for 
which horizontal transfer has been invoked: the mutD, 
mutL, mutT, and mutH genes (functional antimutator genes) 
(Medigue et al., 1991; A. H~naut, personal communica- 
tion), the umuCD operon (required for mutagenic DNA re- 
pair) (Sedgwick et al., 1988), and the lac operon (Buvinger 
et al., 1984). Analysis of the G plus C content and codon 
adaptation index for 500 E. coli genes shows that about 
6o/o of the genes have atypical values, presumably as a 
result of their recent acquisition by horizontal transfer 
(Whittam and Ake, 1993). 
For horizontal transmission to occur, genetic material 
must overcome at least two types of barriers: transfer barri- 
ers that prevent the delivery of genetic information from 
a donor cell, and establishment barriers that block inheri- 
tance of newly acquired genes (Heinemann, 1991). It has 
been shown that major restraints to genetic exchange be- 
tween E. coli and S. typhimurium occur on the level of 
homologous recombination between the donor and recipi- 
ent DNAs (Rayssiguier et al., 1989; Rayssiguier et al., 
1991 ; Matic et al., 1994). Recombination between partially 
homologous DNA substrates is dependent on the extent 
and degree of DNA homology, which is monitored by re- 
combination and mismatch repair enzymes (Modrich, 
1991; Radman and Wagner, 1993). Recombination en- 
zymes appear to be highly selective for sequence identity 
only at the initial stage of the strand exchange process, 
which requires a minimum length of homology or minimum 
efficient processing segment (MEPS), below which recom- 
bination becomes inefficient (Shen and Huang, 1986). Di- 
vergence between recombination substrates reduces re- 
combination by reducing the number of available MEPSs 
(Shen and Huang, 1989). However, the mismatch repair 
system, in particular its mismatch-binding components 
MutS and MutL, is the most potent inhibitor of recombina- 
tion between weakly and moderately diverged sequences, 
including enomes of related bacterial species (Rayssigu- 
ier et al., 1989; Shen and Huang, 1989; Rayssiguier et 
al., 1991; Matic et al., 1994). Intrachromosomal recombi- 
nation between two repeated sequences diverged 0.9% 
(rhsA and rhsB) is increased either by the inactivation of 
the mismatch repair system or by the activation of the SOS 
system (Petit et al., 1991). These opposite effects of SOS 
induction and mismatch repair on recombination between 
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Table 1. Mating and DNA Transfer Efficiency during Intra- and 
Interspecies Conjugation Measured by Zygotic induction of 
Prophage 
Percentage of ~. Zygotic induction 
S. typhirnurium Hfr E. coil Hfr 
E. coil F- SA977 Z i 21 PK3 ~. i 21 
Recipient (Interspecies Crosses) (Intraspecies Crosses) 
Wild type 17 29 
hsdR 28 27 
mutS 19 23 
lexA 1 14 31 
recB 11 20 
recA 5 12 
The influence of various recipient genetic backgrounds on conjuga- 
tional DNA delivery was tested. Each number epresents the mean 
of at least three independent experiments. 
similar sequences prompted this study of the genetic con- 
trol of interspecies recombination. The results show that 
the SOS response induced in recipient cells by interspe- 
cies mating and the interspecies recombination are 
RecBC dependent and that the SOS induction stimulates 
interspecies recombination through increased expression 
of the recA gene, and probably ruvA and ruvB genes. The 
postulated role of mismatch repair and SOS systems in the 
genetic and environmental control of bacterial speciation 
provides a paradigm for speciation of eukaryotes. 
Results 
Transfer and Survival of Donor DNA 
in Interspecies Crosses 
The first step in genetic exchange is DNA transfer from 
one organism to another, which can be limited by barriers 
such as cell surface incompatibilities and restriction sys- 
tems that can degrade exogenous DNA. We tested the 
mating and transfer efficiency during interspecies conju- 
gation by measuring the zygotic induction of ;~ prophage 
transferred as an integral part of Hfr DNA into nonimmune 
recipient cells (Jacob and Wollman, 1961) and found that 
there is no significant barrier that prevents the conjuga- 
tional DNA transfer between S. typhimurium and E. coil 
(Table 1). The E. coil type I restriction system (encoded 
by the hsdR gene) does not significantly affect either conju- 
gational DNA delivery or the recombination of a single 
marker between S. typhimurium and E. coil (Table 1 and 
Figure 1). 
Pathways of Interspecies Recombination 
During E. coli conjugation, Hfr DNA enters the recipient 
cell as a single strand with a leading 5' end. In female 
cells, lagging-strand synthesis produces double-stranded 
DNA with transient strand interruptions (Ohki and Tomi- 
zawa, 1969). Double-stranded ends are substrates for the 
RecBCD recombination pathway, whereas DNA without 
free double-stranded ends, but with nicks or single- 
stranded gaps, is a substrate for the RecF pathway (Smith, 
1989). The RecBCD pathway, the major pathway for conju- 
gational recombination of E. coil, is also the major pathway 
for interspecies conjugational recombination (Rayssiguier 
et al., 1991; Figure 1), where it was shown to produce 
large chromosomal replacements (Matic et al., 1994). The 
recB gene is essential for all known activities of the 
RecBCD enzyme (Taylor, 1988). In the mut + background, 
a recB mutation reduces recovery of intraspecies and in- 
terspecies recombinants to 1% of the recB ÷ level (Figure 
1). However, in a mutS strain, the yield of interspecies 
recombinants decreases 2 x 104-fold upon introduction 
of a recB mutation. The RecBC enzyme (without he RecD 
subunit) has no exonuclease V activity but retains helicase 
activity (Palas and Kushner, 1990). This activity appears 
to be sufficient o provide a source of single-stranded DNA 
substrate for the RecA protein, since recD strains retain 
intra- (Mahajan, 1988) and interspecies recombination 
proficiency (Figure 1). 
In the absence of the RecBCD enzyme, the residual 
level of intra- and interspecies recombination (both in mut + 
and mutS strains) can be restored to the wild-type level 
by extragenic suppressors sbcB and sbcC, which turn on 
the RecF pathway (Mahajan, 1988; Figure 1). In a wild-type 
background, the RecF pathway plays only a minor role 
in conjugational recombination, because the recF or recJ 
mutations do not significantly affect either intra- or inter- 
species recombination of single markers (Figure 1). 
Role of Branch Migration Proteins in 
Interspecies Recombination 
Interspecies conjugational recombination between S. 
typhimurium and E. coil shows an absolute requirement 
for the recA gene product (Rayssiguier et al., 1989; Figu re 
1), which is involved in homology searching, pairing, 
strand exchange, and branch migration (Kowalczykowski 
et al., 1994). Branch migration initiated by the RecA protein 
is completed by the RuvA, RuvB, and RuvC proteins, or 
by the RecG protein, which provide alternative pathways 
for the resolution of Holliday junctions (West, 1994). It is 
not known how much RecA-dependent heteroduplex for- 
mation occurs prior to continuation of branch migration 
by the Ruv or RecG proteins, nor how much the activity 
of these proteins is affected by sequence divergence and 
heterology. 
We have observed a similar effect of the ruvA mutation 
on interspecies recombination in mut* and mutS contexts 
(11- and 16-fold decreases), whereas the ruvA mutation 
had no effect on intraspecies recombination in the mutS 
and a 4-fold effect in the mut ~ strain. This observation 
suggests that the Ruv functions are more important for 
inter- than for intraspecies recombination. Mutations in 
ruvA and recG genes similarly reduce intraspecies recom- 
bination (less than 4-fold), but in interspecies recombina- 
tion, a ruvA mutation reduces recombination 5- to 8-fold 
more than a recG mutation. These results could be ac- 
counted for by an increased expression of the ruvAB genes 
due to the induction of SOS response by interspecies mat- 
ing (see next section; Kowalczykowski et al., 1994). The 
double ruvA recG mutant is completely recom bination defi- 
cient in interspecies crosses (Figure 1), presumably owing 
to the failure to resolve Holliday junctions (West, 1994). 
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arg  + F- rec ip ient  
per  Hfr  genotype  
7.8 x 10 -6 
5.2 x 10 -8 
7 .5  x 10 -8 
7 .5  x 10 -6 
6.5 x 10 -6 
7.3 x 10 -6 
3.0 x 10 -6 
4.0 x 10 -6 
4.6 x 10 -7 
3.0 z 10 -8 
7.9 x 10 -3 
3.3 x 10 -7 
1.4 x 10 -2 
7 .5  x 10 -3 
8.0 x 10 -3 
5.5 x 10 -3 
3.0 x 10 -3 
7.2 x i0 -4 
4.8 x i0 -7 
1.6 x 10 -7 
1.5 x 10 -7 
6.9 x 10 -7 
4.6 x 10 -5 
3.9 x 10 -5 
4.4 x 10 -5 
5.4  x I0 -5 
1.8 x 10 -5 
5.4 x 10 -6 
2.4 x 10 -2 
3.0 x 10 -3 
3 . 6 x 10 -6 
4 .1  x 10 -6 
6.3 x 10 -6 
1.6 x i0 -7 
6.0 x 10 -6 
8.0 x 10 -6 
3.9 x 10 -7 
2.4 x 10 -2 
2.9 x 10 -5 
7.9 x 10 -1 
3.9 x 10 -8 
4.3 x 10 -3 
3.7 x 10 -1 
7.1 x 10 -1 
4.7 x 10 -1 
5.2 x 10 -1 
3.0 x 10 -1 
2 .0  x 10 -1 
2.8 x 10 -3 
3.6 x 10 -1 
4.7 x 10 -3 
3.7 x 10 -1 
5.0 x 10 -1 
3.0 x 10 -1 
3.9 x 10 -1 
2.3 x 10 -1 
3.3 x 10 -1 
6.9 x 10 -2 
7 .6  x 10 -2 
8.5 x 10 -2 
4.9 x 10 -2 
2 .0  x 10 -1 
8 .1  x 10 -2 
2.0 x 10 -1 
1.5 x 10 -1 
8.4 x 10 -1 
6.0 x 10 -1 
7 .4  x 10 -1 
7.5 x 10 -1 
6.4 x 10 -1 
3.5 x 10 -1 
3.2 x 10 -1 
1.0 x 10 -2 
1.4 x 10 -2 
6.5 x 10 -1 
7.3 x 10 -2 
5.6 x 10 -1 
2.2 x 10 -1 
Recombinat ion  f requenc ies  of  rec ip ients  
re la t ive  to that  of  w i ld - type  s t ra in  
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Figure 1. The Frequencies of S. typhimurium 
Hfr x E. coli F- Interspecies and E. coli Hfr x 
E. coli F Intraspecies Conjugational Recombi- 
nation 
The recombination frequencies for the se- 
lected marker (arg+; left column) are expressed 
per Hfr donor after subtracting unmated re- 
vertants. Each number epresents the mean of 
at least three independent experiments. The 
histograms represent the recombination fre- 
quencies (arg + per Hfr) of different recipients 
relative to that of the wild-type strain (0 on the 
log scale). The juxtaposed graphs show the dif- 
ference of five orders of magnitude between 
the wild-type interspecies (A) and intraspecies 
(B) recombination frequencies. 
Stimulation of Interspecies Recombination 
by SOS Induction 
Induction of SOS response (Radman, 1974) results from 
activation of the RecA protein by an inducing signal pro- 
duced following DNA damage (Walker, 1984) Activated 
RecA protein promotes self-cleavage of the LexA repres- 
sor of the SOS regulon, as well as repressors of temperate 
phages (e.g., ~, CI) (Little, 1984). The SOS response in- 
duced either by DNA-damaging agents or by an SOS- 
constitutive mutation (recA441) stimulates conjugational 
recombination (Lloyd, 1978; Oishi, 1988), presumably by 
inducing numerous recombination genes (e.g., recA, 
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Figure 2. Induction of recA Gene Expression 
in E. col• F- Recipients by S. typhimurium Hfr x 
E. col• F- Interspecies and E. col• Hfr x E. col• 
F- Intraspecies Conjugation 
(A) The expression of the recA::laoZ fusion, 
measured by assaying the J]-galactosidase ac- 
tivity in the E. col• wild-type strain in the course 
of conjugation (1 hr) and subsequent incuba- 
tion (2 hr). 
(B) The expression of the recA::lacZ fusion in 
different E. col• recipient strains after 1 hr of 
conjugation plus 1 hr of subsequent incubation. 
We have used the lexA1 (Ind-) mutation, which renders 
the LexA repressor noncleavable and thus limits the ex- 
pression of the SOS regulon to uninduced levels (Mount 
et al., 1972; Walker, 1984). This allele reduces the recom- 
bination frequencies by 10- and 15-fold for intra- and inter- 
species matings, respectively (Figure 1). However, in a 
mutS background, the lexA 1 (Ind-) mutation reduces inter- 
species recombination 170-fold but intraspecies recombi- 
nation only 2-fold (Figure 1), suggesting that some inducible 
LexA-regulated functions are rate-limiting for interspecies 
recombination. 
To test whether increased levels of the RecA protein 
alone can restore the interspecies recombination profi- 
ciency of lexA 1 (Ind-) strains, the recAo98 operator consti- 
tutive allele was introduced. This allele increases the con- 
centration of the RecA protein in a lexA1 (Ind-) strain by 
6-fold (Sommer et al., 1993), which increases interspecies 
recombination 11- and 65-fold in lexA1 (Ind-) and lexA1 
(Ind-) mutS strains, respectively. (Similarly, when the con- 
centration of RecA protein was increased in the lexA1 
(Ind-) strain by the introduction of a plasmid carrying the E. 
col• recA ÷ gene [pDR1453], the frequency of interspecies 
recombination increased 13-fold.) The minor contribution 
of the RecF pathway suggests that other recombination 
genes of the SOS regulon (e.g., recN and recQ) are not 
involved in interspecies recombination (Figure 1). 
The effect of SOS induction on interspecies recombina- 
tion is much stronger in the mutS than in the mut + strains 
(compare effects of the lexA1 (Ind-) and recAo98 muta- 
tions in mutS and in mut + backgrounds in Figure 1). This 
suggests that the mismatch repair system is a potent inhib- 
itor of interspecies recombination even during SOS re- 
sponse. 
Increased Expression of the recA Gene in the 
Course of Interspecies Mating 
The requirement of SOS inducibility (lexA +) for efficient 
conjugational recombination (Figure 1) suggests that mat- 
ing may induce SOS response in female cells. Whereas 
intraspecies conjugation induces the SOS response only 
weakly (Jones et al., 1992; Figure 2), a strong SOS induc- 
tion (detected by monitoring inactivation of ~ phage repres- 
sor through use of an epigenetic switch system) was ob- 
sewed during interspecies conjugation in 2% of mated 
female bacteria. Clones that had undergone such strong 
SOS induction were found to have a 20-fold higher inter- 
species recombination frequency than the noninduced 
ones (I. M., F. Taddei, and M. R., unpublished data). Be- 
cause the RecA protein appears to be the key SOS- 
inducible protein that is rate-limiting for interspecies re- 
combination, we measured, in a more sensitive assay, the 
kinetics of expression of a recA::lacZ operon fusion in a 
strain that also bears a functional recA + gene. At 60 min 
after the interruption of conjugation, recA gene induction 
was 3- to 4-fold higher in interspecies than in intraspecies 
conjugation (Figure 2B). The absence of recA::lacZ induc- 
tion in lexA 1 (Ind-) recipients indicates that mating induces 
a genuine SOS response. 
Genetic Analysis of SOS Response 
and Interspecies Recombination 
The results of in vitro and in vivo experiments uggest that 
persistent single-stranded DNA is the SOS-inducing signal 
(Craig and Roberts, 1980; Sassanfar and Roberts, 1990). 
The possibility that the double-strand breakage of donor 
DNA by host type I restriction endonuclease produces the 
SOS-inducing signal during interspecies matings can be 
eliminated on account of the lack of significant effect of 
a hsdR mutation (Figure 2B). 
The observed difference in the level of SOS induction 
between inter- and intraspecies conjugations is RecBC 
dependent and RecD independent, and a recJ mutation 
inactivating the RecF pathway does not modify SOS induc- 
tion (Figure 2B). Thus, the genetic requirements for SOS 
response induced by interspecies mating are similar to 
those for SOS induction by nalidixic acid, which is caused 
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by gyrase-mediated ouble-strand breakage (Chaudhury 
and Smith, 1985; Sassanfar and Roberts, 1990). Neither 
requires the exonuclease activity of the RecBCD enzyme, 
and both require the helicase activity of RecBC(D-) en- 
zyme, which is presumably involved in production of sin- 
gle-stranded DNA termini (Oishi, 1988; Figure 2B). More- 
over, the highest level of recA gene expression observed 
during interspecies conjugation (Figure 2) was similar to 
that obtained with nalidixic acid (40 ~l/ml after 2 hr of incu- 
bation; data not shown). The RecBC-dependent SOS re- 
sponse to interspecies mating is not affected by mutations 
in the mutS, ruvA, or recG genes (Figure 2B). Therefore, 
the SOS induction signal is probably not produced by the 
mismatch recognition and repair activities. It is probably 
generated after the RecBC helicase activity but before the 
RuvA- or RecG-mediated branch migration, i.e., at the time 
when RecA protein acts. 
No difference in SOS induction between intra- and inter- 
species conjugation is observed in a recBC sbcBC strain 
(Figure 2). However, in the recBC sbcBC strain, recA gene 
expression is already high, owing to constitutive expres- 
sion of SOS functions (Karu and Belk, 1982; Figure 2). In 
addition, the kinetics of intraspecies recombination in this 
double-mutant strain are particularly slow compared with 
those in wild-type strains (Lloyd and Thomas, 1983). If 
SOS induction and recombination are dependent on the 
same substrates, then the absence of a stronger SOS 
response to interspecies conjugation in the recBC sbcBC 
strain might be due to a slower generation of such sub- 
strates, e.g., single-stranded DNA. 
Discussion 
DNA Sequence Divergence and Genetic Isolation 
Neither the efficiency of conjugational DNA transfer nor 
the type I restriction system presents a significant genetic 
barrier between S. typhimurium and E. coil (Table 1). The 
genomic divergence of these two species is clearly the 
key structural basis of the genetic barrier between them. 
The effectiveness of the barrier is determined by the activi- 
ties of recombination and mismatch repair enzymes in 
the course of interspecies DNA interactions. In addition 
to correcting DNA replication errors, mismatch repair pro- 
teins act as editors of homologous recombination (Rad- 
man and Wagner, 1993). In the absence of such editing, 
the RecA-mediated strand exchange can occur in spite 
of large numbers of mismatches and large heterologies 
(DasGupta and Radding, 1982; Bianchi and Radding, 
1983; Lichten and Fox, 1984). Rayssiguier et al. (1989) 
have demonstrated that genetic exchanges (conjugational 
and transductional) between E. coil and S. typhimurium 
are enhanced by up to three orders of magnitude when 
the recipients are mismatch repair-deficient mutS or mutL 
mutants. These results have been corroborated in vitro: 
purified MutS and MutL proteins have been shown to block 
the RecA-catalyzed strand transfer between 3% diverged 
DNA substrates without affecting strand transfer between 
identical substrates (Worth et al., 1994). 
The requirement of sequence identity for a maximally 
efficient recombination can restrict recombination events 
to regions of highest homology. It has been reported that 
rrn operons, whose DNA sequence is highly conserved 
(e.g., the S. typhimurium and E. coli 16S rRNA sequences 
differ by only 2% -3% ), present favored targets for inter- 
species recombination in a wild-type background (Lehner 
et al., 1984; Lehner and Hill, 1985). The importance of 
DNA sequence divergence in sexual isolation has also 
been confirmed in transformation of Bacillus species, 
where the degree of sequence divergence between donor 
and recipient genomes correlates with the degree of ge- 
netic isolation (Roberts and Cohan, 1993). 
The SOS Response to Interspecies Mating 
The strong recombination-suppressing effect of the lexA 1 
(Ind-) allele in the mutS backgrounds indicates that inacti- 
vation of the mismatch repair system is not a sufficient 
condition for maximal interspecies recombination (Figure 
1). Induction of the recA gene is clearly required for effi- 
cient recombination in rout + and mutS backgrounds (Fig- 
ure 1), but the induction of ruvAB genes appears also to 
be specifically required for maximal interspecies recombi- 
nation. These results indicated that the RuvAB proteins 
can catalyze branch migration across mismatched re- 
gions. Thus, it appears that the recombination intermedi- 
ates created by RecA activity are subject to editing by the 
MutS and MutL proteins, whereas recombinational activity 
of the RuvAB proteins is not (perhaps because Ruv- 
catalyzed hateroduplexes are too long to be edited or be- 
cause RuvABC protein-mediated resolution is too fast for 
MutS and MutL to act). Editing of recombination by mis- 
match repair proteins appears to occur during homology 
search or initiation of strand exchange by the RecA pro- 
tein, or both. 
SOS induction is weak and RecB-independent in intra- 
species mating, whereas it is strong and RecB-dependent 
in interspecies mating (Figure 2B). The RecB-independent 
SOS induction is the same in both types of matings, and 
it may therefore be due to transient single-strandedness 
during the lagging-strand synthesis on the transferred Hfr 
DNA (Bagdasarian et al., 1986). The RecBC dependence 
of only the SOS response specific for interspecies conju- 
gation indicates that either the RecBC enzyme acts differ- 
ently on S. typhimurium and E. coil DNAs, which seems 
unlikely, or that the strong SOS-inducing signal occurs 
following RecBC activity. The requirement for double- 
stranded DNA ends for all known RecBCD activities (Tay- 
lor, 1988) suggests that the interspecies conjugation-spe- 
cific induction signal is produced after the complementary 
strand synthesis. It has been reported that also in recombi- 
nation, the RecBCD enzyme acts early by providing single- 
stranded DNA substrate for the RecA protein (Roman et 
al., 1991). 
The extent and kinetics of the RecBC-dependent SOS 
response to interspecies mating are RecD-, MutS-, RuvA-, 
and RecG-independent (Figure 2B). Therefore, the SOS 
induction signal is probably not produced by the mismatch 
recognition and repair activities and may be generated 
after RecBC helicase activity but before the RuvA- or 
RecG-mediated branch migration. Given the tack of strong 
SOS induction in the course of highly efficient homologous 
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recombination during intraspecies conjugation, we postu- 
late that the difference (with regard to SOS induction) be- 
tween the intra- and interspecies recombination is proba- 
bly in one of RecA protein-mediated recombination steps 
(homology search, pairing, strand exchange, and branch 
migration). The MutS independence of the interspecies 
mating-induced SOS response suggests that the activa- 
tion of the RecA coprotease activity occurs prior to exten- 
sive strand exchange. It is possible that the RecA-single- 
stranded DNA complex requires a longer time to find 
homology between diverged DNA sequences; hence, 
more time is available for the activation of the RecA 
coprotease function. Alternatively, the pairing between di- 
verged DNA sequences may provide SOS-inducing signals. 
The two mutants, recB and lexA1 (Ind-), are similarly 
deficient in SOS response to interspecies conjugation. 
However, recB is more recombination deficient han lexA 1 
(Ind-), and RecA overproduction by the recAo98 mutation 
recovers recombination much less effectively in the recB 
than in the lexA1 (Ind-) background (Figure 1). Thus, the 
RecBC enzyme appears to be involved in interspecies re- 
combination both as a recombinase and as an SOS- 
inducing function. The severe recombination deficiency 
of the recB strain during interspecies matings can be ac- 
counted for by the inactivation of the RecBC recombina- 
tion pathway, higher homology requirement for recombi- 
nation in this genetic background (longer ME PS size; Shen 
and Huang, 1986), and the deficit of RecA and RuvAB 
proteins due to the absence of the RecB-dependent SOS 
induction. 
Genetic and Environmental Control of Speciation 
The SOS response favors the survival of stressed bacterial 
populations by increasing the capacity for DNA repair and 
genetic variation (Radman, 1974; Witkin, 1976). The muta- 
genic component of SOS does not appear as a side effect 
to the tolerance of DNA damage, but as an inducible ge- 
netic revolution (Echols, 1981) increasing the population 
fitness under adverse environmental conditions (Radman, 
1980). Interspecies recombination should be added to the 
list of mechanisms of genetic alterations that are stimu- 
lated by SOS induction, e.g., point and frameshift muta- 
genesis (Caillet-Fauquet et al., 1984; Walker, 1984), chro- 
mosomal rearrangements (Dimpfl and Echols, 1989), and 
particular deletions (e.g., transposon loss; Kuan and Tess- 
man, 1992). 
DNA divergence, a major obstacle to interspecies re- 
combination, paradoxically stimulates interspecies re- 
combination by triggering SOS response via RecA activi- 
ties. This effect of SOS response is strongest in Mut- 
strains (Figure 1), which are expected to arise at rates of at 
least 10 -7 per genomic replication (Ninio, 1991). In natural 
populations of E. coil, about 1% of cells are mutators (Jys- 
sum, 1960; Gross and Siegel, 1981; TrSbner and Pie- 
chocki, 1984), of which the majority are expected to be 
mismatch repair mutants (E. C. Cox, personal communica- 
tion). Under adverse environmental conditions, the Mut- 
cells are more likely to acquire the adaptive mutation(s) 
than the wild-type cells (Chao and Cox, 1983), which 
should result in an early overrepresentation of Mut- 
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ever, it may be that there is a selective advantage to main- 
taining all wel l -distr ibuted noncoding DNA as the main 
carrier of the neutral genomic  sequence polymorphism, 
a structural e lement  of genomic  stabil ity and a substrate 
for speciation. In meioses resulting from a cross between 
two closely related species,  the mismatch repair compo-  
nents may establ ish and maintain the polymorphism- 
based genet ic barriers by prevent ing pairing, recombina- 
tion, or both between d iverged chromosomes,  leading to 
a reproduct ive isolation through meiotic sterility. 
Experimental Procedures 
Bacterial Strains, Plasmids, and Phages 
Hfr strains used in this study were the following: S. typhimurium SA977 
(Sanderson et al., 1972) and E. coil PK~ (Kahn, 1968). For zygotic 
induction experiments, an E. coil PI~ Hfr derivative was constructed 
by lysogenization with the Z i 21 Cam105 phage (from the collection of 
C. Herman, Institut Jacques Monod, Paris), while the S. typhimurium 
SA977 Hfr strain was first transformed by a pAC plasmid carrying the 
E. coil ~araB+ gene (Boulain et al., 1986) and subsequently lysogenized 
with the ~. i 21 Cam105 phage. The E. coil F- strain indicated as wild 
type was AB1157 (Bachman, 1972). All other recipients were AB1157 
derivatives (Figures 1 and 2). The AB1157 [Zd(recA::/acZ) cl(Ind-) Ap r] 
(Casaregola et al., 1982), recA13 (Howard-Flanders and Theriot, 
1966), recDlO09 (from the collection of S. Rosenberg, University of 
Alberta, Edmonton, Alberta, Canada), recB21 recC22 sbcB15 
sbcC201 (Kushner et al., 1971), and recF143 (Horii and Clark, 1973) 
strains were already constructed, whereas the other recipients have 
been constructed for this study by introduction of hsdR thF (from 
GC4707; collection of R. D'Ari, Institut Jacques Monod, Paris), lexA1 
malB2::Tn9 (from GC2281; collection of R. D'Ari), mutS2Ol::Tn5 
(Siegel et al., 1982), mutS215::Tn10 (from the collection of G. Walker, 
Massachusetts Institute of Technology, Cambridge, Massachusetts), 
reoAo98 srlC300::Tn10 (from the collection of C. Herman), recB268:: 
Tn10 (Lloyd et al., 1987), recG263 Km r (Ryder et al., 1994), recJ284:: 
Tn 10 (Lovett and Clark, 1984), and ruvA60::Tn 10 (Ryder et al., 1994) 
alleles by using Pl-mediated transductions (Miller, 1972). The C600 
hsdR strain (from the collection of M. Meselson, Harvard University, 
Cambridge, Massachusetts) was used as indicator for zygotic induc- 
tion. The pDR1453 plasmid carries the E. coil recA + gene (Sedgwick 
and Yarranton, 1982). All recipient strains were nalidixic acid-resistant 
(except AB1157 [Zd(recA::lacZ) cl(Ind-)] Apr), because nalidixic acid 
was used to counterselect he Hfr donor cells. 
Conjugational Crosses 
The conjugation experiments were performed under previously de- 
scribed conditions (Rayssiguier et al., 1989). Hfr strains were as fol- 
lows: S. typhimurium SA977 for inter- and E. coil PK3 for intraspecies 
conjugation. All recipient strains were derivatives of E. coil AB1157 
(see list of strains and Figure 1). Log-phase bacteria (2 x 10 s to 4 x 
108 cells/ml) were mixed in a 1:1 (Hfr:F-) ratio and filtered through 
a 0.45 I~m pore size filter (Schteicher and Schuel), which was then 
incubated on prewarmed rich medium agar. After 60 min at 37°C, the 
conjugants were resuspended in 10 -2 M MgSO4 containing nalidixic 
acid (40 p.g/ml) and separated by vortexing. The exconjugants were 
plated on M63 medium supplemented with histidine, leucine, proline, 
and threonine (100 ~g/ml each), thiamine (30 p.g/ml), glucose (0.4%), 
and nalidixic acid (40 i~g/ml), lacking arginine, to select for arg + recom- 
binants. Recombinants were scored after 48 hr. 
Measurement of recA Gene Expression 
The conjugation experiments were performed as described previously 
(Rayssiguier et al., 1989). Hfr strains were as follows: S. typhimudum 
SA977 for inter- and E. coil PK3 for intraspecies conjugation. All recipi- 
ent strains were derivatives of E. coil AB1157 [Zd(recA::/acZ) cl(Ind-) 
Apl (see list of strains and Figure 2B). After 60 rain of conjugation, 
Hfr and F- cells were resuspended in M63 liquid medium supple- 
mented with thiamine (30 p.g/ml), arginine, histidine, leucine, proline, 
and threonine (100 ilg/ml each), glucose (0.4%), streptomycin (100 p.g/ 
ml), and ampicillin (50 ~g/ml), separated by vortexing, and incubated at 
37°C with shaking for 120 min. In this medium, only recipient cells 
(including recombinants) can grow. Aliquots were taken every 30 rain, 
and recA gene expression was measured by titrating I~-galactosidase 
as described by J. Miller (1972). 
Zygotic Induction 
Mating and DNA transfer efficiency during intra- and interspecies con- 
jugation was measured by the zygotic induction of Z prophage as 
described previously (Jacob and Wollman, 1961; Rayssiguier et al., 
1989). The Hfr strains were S. typhimurium SA977 (~. F 1 Cam105) for 
interspecies and E. coil PK3 (Z F 1 Cam105) for intraspecies matings. 
E. coil F- recipients were derivatives of the AB1157 strain (see list of 
strains and Table 1). After 60 min of conjugation, the Hfr x F- mixture 
was plated on a lawn of C600 hsdR (from the collection of M. Meselson, 
Harvard University, Cambridge, Massachusetts) indicator bacteria. 
The results were scored after 24 hr. 
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